The singly and doubly hydrated complexes of the a and b anomers of a systematically varied set of monosaccharides, O-phenyl D-gluco-, D-galacto-, L-fuco-and D-xylopyranoside, have been generated in a cold molecular beam and probed through infrared-ultraviolet double resonance ion-dip (IRID) spectroscopy coupled with quantum mechanical calculations. A new 'twist' has been introduced by isotopic substitution, replacing H 2 O by D 2 O to separate the carbohydrate (OH) and hydrate (OD) vibrational signatures and also to relieve spectral congestion. The new spectroscopic and computational results have exposed subtle aspects of the intermolecular interactions which influence the finer details of their preferred structures, including the competing controls exerted by co-operative hydrogen bonding, bi-furcated and OH-p hydrogen bonding, stereoelectronic changes associated with the anomeric effect, and dispersion interactions. They also reassert the operation of general 'working rules' governing conformational change and regioselectivity in both singly and doubly hydrated monosaccharides.
Introduction
Non-covalent interactions and the conversations between biomolecules and their environment are part of the essential machinery of all living organisms and their interactions with small drug molecules lie at the heart of pharmaceutical science. Laser evaporation and interrogation of small biomolecules into seeded molecular beams provides a powerful strategy for probing their structures, preferred conformations and interactions, both inter-and intramolecular, 'in vitro'. 1 Combined with mass-selected, double resonance IR-UV spectroscopy, and coupled with molecular mechanics, DFT and ab initio calculations, it enables the preparation, identification and structural assignment of their conformationally-selected molecular complexes. [2] [3] [4] [5] [6] [7] When their partners are water molecules, this strategy also provides an entry into the 'no-man's land' between isolated biomolecules, probed at low temperatures in the gas phase, and solvated molecules dissolved in aqueous solution at ambient temperatures. 8, 9 The influence of bound water molecules on the conformational landscapes of an expanding number of neutral amino acids, [10] [11] [12] [13] [14] [15] [16] small peptides [17] [18] [19] and especially carbohydrates [20] [21] [22] [23] [24] [25] [26] has been aided by the extreme sensitivity of their OH (and NH) vibrational spectra to hydrogen bonded solutesolvent interactions. In the latter case, it has shown how water binding can change the conformation of the substrate and helped to establish a set of 'working rules' governing the preferred binding sites in a representative series of biologically important monosaccharides. 23, 25 Very recently, the differing OH vibrational signatures of doubly hydrated O-phenyl aand b-D-mannopyranoside 26 (and also carbohydrate-peptide complexes 27 ) have exposed small structural differences arising from the stereoelectronic changes associated with the anomeric effect. The two water molecules were bound separately between OH4 and O6, and OH6 and the (axial) O2 sites, see Scheme 1, located on either side of the exocyclic hydroxymethyl group, crucially with the second one lying above the key endocyclic oxygen atom, O5. There it could act as a remarkably sensitive reporter, able to sense subtle stereoelectronic changes affecting the lone pair electron density on O5 and expose them through the resultant fine-tuning of the intermolecular hydrogen-bonds.
The sensitivity of this investigation 26 was enhanced further by substituting D 2 O for H 2 O, in order to isolate the carbohydrate (OH) bands from the water (OD) bands and also to relieve spectral congestion, a successful strategy which has prompted the new experimental and computational investigations presented here. They were designed initially, to seek further evidence of anomeric effects in the gas phase and were focused on two related systems: doubly (heavy water) hydrated O-phenyl a-and 2 ], where again, the two water molecules should be located separately on each side of the hydroxymethyl group, and singly hydrated O-phenyl a-and b-D-galactopyranoside [a/b-PhGalÁD 2 O], where binding at the preferred (4,6) site should be blocked by the (axial) OH4 -O6 hydrogen-bond. In each case, a bound water molecule would be expected to be located close to the anomeric site. The scope of the new investigations was subsequently extended by expanding the earlier studies of carbohydrate hydration (by H 2 O) [20] [21] [22] [23] [24] [25] to include heavy water complexes of the a and b anomers of the pentose carbohydrate, O-phenyl D-xylopyranoside (a/b-PhXylÁ(D 2 O) 1,2 ) and the deoxy carbohydrate, O-phenyl a-L-fucopyranoside (a-PhFucÁ(D 2 O) 1,2 ):(the choice of L-rather than D-fucose reflects its biological relevance). Unlike glucose or galactose however, neither xylose (an analogue of glucose) nor fucose (6-deoxy galactose) incorporates an exocyclic hydroxymethyl group, see Scheme 1.
The new results have established the experimental advantages of substituting D 2 O for H 2 O: they have revealed subtle balancing controls exerted by 'fine-tuned' hydrogen bonding, their influence on the carbohydrate conformations, and the way in which they may mask the potential influence of stereoelectronic factors, associated with the anomeric effect, on hydrated structures. They have established the conformational structures of O-phenyl a-D-gluco-and galactopyranoside and confirmed many of the earlier conformational assignments based on investigations of (H 2 O) hydrated monosaccharides, [21] [22] [23] [24] [25] while reasserting the validity of the 'working rules' and the siteselective control exerted by the exocyclic hydroxymethyl group, when present. Finally, they suggest a possible rationale for the changes in the relative anomeric populations recorded in aqueous solution. 28 
Experimental section Materials
The a-and b-anomers of the O-phenyl pyranosides were obtained commercially (Aldrich) or in some cases, synthesized following methods described previously. 21, 23 Their hydrated (D 2 O) complexes were generated in the gas phase using a combination of pulsed ns laser ablation (Nd : YAG, 1064 nm) and molecular beam procedures. Ground powdered samples of the carbohydrate were thoroughly mixed with graphite powder (80% sample : 20% graphite, w/w), deposited as a thin uniform surface layer on a graphite substrate, and placed in a vacuum chamber close to and just below the exit of a pulsed, cylindrical nozzle expansion valve (0.8 mm diameter). The carbohydrates, desorbed by laser evaporation from the surface, were entrained and cooled in an expanding argon jet (B4 bar backing pressure) seeded with D 2 O, before passing into the detection chamber through a 2 mm diameter skimmer to create a collimated molecular beam. This was crossed by pulsed tunable IR and UV laser beams in the extraction region of a linear, Wiley-McLaren time-of-flight mass spectrometer (R. M. Jordan).
Spectroscopy
Mass-selected resonant two photon ionization spectra of individual molecular complexes were recorded using a frequency-tripled pulsed Nd : YAG-pumped dye laser (Sirah). Their conformer-specific vibrational spectra were subsequently recorded in the OH and OD stretch regions, through infrared ion dip (IRID) spectroscopy, using IR radiation tuned over the range 2200-3800 cm À1 and UV radiation tuned onto selected resonant two-photon ionization (R2PI) absorption bands. The first laser (IR) was pulsed at 5 Hz while the second one (UV), delayed by B 150 ns, ran at 10 Hz to allow subtraction of the background signals. The IR radiation (line-width 2-3 cm À1 , B5-10 mJ/pulse) was provided by the idler output of an OPO/OPA laser system (LaserVision), pumped by a pulsed Nd : YAG laser (Continuum, Surelite II). Several spectra, typically Z 5, were recorded and averaged to achieve acceptable signal-to-noise levels.
Computation
Analysis of the experimental data began with a series of unrestricted surveys of the large number of possible complex structures generated through molecular mechanics conformational search. This was done using the mixed Monte Carlo multiple minimization and Large Scale low mode method, as implemented in the MacroModel software (Schro¨dinger), until no additional new structures were obtained. All conformations with relative energies r 10 kJ mol À1 , as well as a number of Scheme 1 Schematic representations and structural relationships of the selected set of monosaccharides. relevant higher energy structures, were subsequently submitted for geometry optimization using the Gaussian 03 suite of programs 29 and density functional theory (DFT) at the B3LYP/6-31+G(d) or in some cases where dispersion interactions were potentially influential, at the M05-2X and M06-2X/ 6-31+G(d,p) level. This led to a new set of relative energies (corrected for zero point energies), molecular structures and (harmonic) vibrational spectra which could then be compared with experiment. More accurate energies were calculated for the optimized DFT structures, at the MP2/6-311+ +G(d,p) level of theory. All energies were corrected for zero point energy using the unscaled DFT harmonic frequencies. Structural assignments were based primarily on the level of correspondence between the experimental and computed wavenumbers of the carbohydrate (OH) and water (OD) vibrational bands, scaled by the recommended 30 appropriate 'anharmonicity' factor, 0.9733 (B3LYP/6-31+G(d)), to bring them into better accord with experiment and secondly, on their calculated relative energies. The best agreement between experiment and theory for the most strongly populated complexes, was almost always obtained for the calculated minimum energy structures. The full list of relative energies, optimized geometries and harmonic vibrational frequencies for the low energy structures is given as Electronic Supplementary Information.w
Notation
The designations, ccG+gÀ, cTg+, and so forth, indicate the conformation of the carbohydrate. Briefly, ''cc'' (''c'') indicates a counter-clockwise (clockwise) orientation of the peripheral OH groups, OH4 -OH3 -OH2 -O1 (O1 -OH2 -OH3 -OH4); the letters (G+, GÀ) or (T), indicate the gauche or trans orientation of the hydroxymethyl group with respect to the ring oxygen; and the final letters, g+, gÀ or t indicate the corresponding orientation of its hydroxyl group, OH6. In the case of the hydrated structures the insertion site of the water molecule is indicated by adding ''ins(position)'' to the nomenclature of the bare molecule; for example, ins (4, 6) indicates a water molecule inserted between OH4 (acting as a hydrogen-bond donor) and OH6 (acting as the acceptor).
Results and discussion
The experimental IRID and calculated vibrational spectra of a-PhGlc and its singly and doubly hydrated complexes, a-PhGlcÁ(D 2 O) 1,2 , are shown in Fig. 1(a) and Fig. 2 and 3 , together with those of the corresponding hydrates of the b anomer, b-PhGlcÁ(D 2 O) 1,2 -their structures are shown later, in Fig. 7 and 8 . The R2PI spectra, and the calculated relative energies, structures and vibrational spectra of each of their low lying conformers, are presented as Electronic Supplementary Information.
Unlike b-PhGlc, which can be detected in each of its three lowest energy conformations, ccG+gÀ (major), ccGÀg+ (minor) and ccTg+ (trace), 21 the a anomer displayed a somewhat different conformational landscape. Its IRID spectrum did not vary with the choice of R2PI probe wavenumber and it corresponded closely to the calculated vibrational spectrum of the ccGÀg+ conformer, also shown in Fig. 1 . This was predicted to be the global minimum conformation (cf. the most strongly populated conformer in the b anomer, ccG+gÀ). The ccG+gÀ and ccTg+ conformers, calculated to lie at energies respectively 1.7 and 2.8 kJ mol À1 above the global minimum, could not be detected. The IRID spectra of the two singly hydrated anomers, a/b-PhGlcÁD 2 O, were identical, see Fig. 2 , in contrast to those of the bare molecules, and they were in close correspondence with the calculated spectra associated with their (identical) global minimum structures, cGÀg+Áins(4,6), shown later, in Fig. 7 . In both cases, the spectra reflected the altered carbohydrate conformation, from ccGÀg+ (a anomer) or ccG+gÀ (b anomer), to cGÀg+, a change which creates a favourable water binding pocket located at the (4,6) site. The relative energy of the cGÀg+Áins (4,6) structure in the hydrated a anomer, was predicted to be 6.25 kJ mol À1 below that of its nearest neighbour, ccGÀg+Áins(4,3). The cGÀg+ conformer was not populated in either of the isolated anomers-their relative energies were predicted to be 7.3 kJ mol À1 (a anomer) and 9.7 kJ mol À1 (b anomer) above their corresponding minima-but the binding energies associated with insertion of the water molecule into the (4,6) site, estimated to be B30-40 kJ mol
À1
, should be more than enough to offset the barriers associated with the conformational change.
The good accord between the experimental and computed vibrational spectrum of b-PhGlcÁ(D 2 O) 2 , shown in Fig. 3 , confirmed the earlier 25 structural assignment of the corresponding (H 2 O) 2 complex to the global minimum conformation, cGÀg+Áins (4,6;6,5) . However, as well as the hydrogen bond linking the second water molecule to the endocyclic O5 atom, a closer examination of its structure, shown in Fig. 8 , revealed an additional weak hydrogen bond linking it to the anomeric oxygen, O1, with a bond length, r(O(H)DÁ Á ÁO1) B 2.81 Å .
Given the identical structures of the monohydrates, the a and b di-hydrates might also have been expected to adopt similar structures but in contrast to the mono-hydrates, the IRID spectra of the doubly hydrated complexes were not identical, see Fig. 3 . DFT calculations for the a di-hydrate, initially conducted using the B3LYP functional alone, predicted a global minimum associated with a cGÀg+Á ins(4,6; 4,6) structure, with the two water molecules inserted as a dimer between OH4 and OH6, rather than separately, ins (4,6;6,5) . When the relative energy of the a di-hydrate was recalculated, using single point MP2 theory to take account of dispersion interactions, a new global minimum energy structure, cG+gÀÁins (4,6;4,6) , was identified, shown later in Fig. 8(a) . The two water molecules were still bound as a dimer but their spatial disposition was altered by the rotation of the hydroxymethyl group, from GÀg+ to G+gÀ, to bring OH6 and also one of the water molecules closer into the local environment of the phenyl group, offering the possibility of OH -p hydrogen binding. However, subsequent optimized DFT calculations employing the hybrid meta-GGA (Generalized Gradient Approximation) M05-2X or M06-2X functionals, specifically designed to include dispersion interactions, 31 led to the same result. Since the experimental and calculated vibrational spectra were also in reasonable accord, Fig. 3(a) , it was identified as the preferred assignment. When the phenyl group was replaced by a methyl group, calculations for the a di-hydrate (conducted at the MP2/6-311++G(d,p)//B3LYP/6-31+G(d) level) predicted a quite different scenario; the water dimer was now inserted at the (3,2) site, remote from the methyl 'tag', to create the ccG+gÀÁins(3,2;3,2) structure shown in Fig. 8(c) . In the phenylated a di-hydrate, b-PhGlcÁ(D 2 O) 2 , the hydrated glucose appears to interact with its phenyl 'tag', most likely through a combination of hydrogen bonded and dispersion interactions, involving the phenyl group, OH6 and one of the neighbouring water molecule(s), so that the 'tag' no longer behaves as a simple 'spectator'. In the b di-hydrate, b-PhGlcÁ (D 2 O) 2 , where the water molecules insert separately, the relative energy of the corresponding water dimer insertion structure, cG+gÀÁins(4,6;4,6), was calculated to be 9.5 kJ mol À1 above the global minimum cGÀg+Áins(4,6;6,5). Why should the structures of the doubly hydrated a and b anomers of PhGlc differ when those of their mono-hydrates are identical? The key lies in the location of the second bound water molecule. In the ins(4,6;6,5) di-hydrate structure, the additional hydrogen bond to O1 can only occur in the b complex; in the a complex, the distance, r(O(H)DÁ Á ÁO1) increases to 4 4 Å . There is a fine balance between the influence of bifurcated H-bonding to O5 and O1 (not possible in the a anomer); hydrogen bonding between the two water molecules themselves (only possible when they are bound as a dimer) or between the carbohydrate and the two separately bound water molecules; and in one particular case, a combination of hydrogen bonded and dispersion interactions involving the carbohydrate-water complex and the phenyl tag. This competition cannot influence the structures of the two mono-hydrates, a/b-PhGlcÁD 2 O, since the single bound water molecule occupies the favoured (4,6) site, remote from both O1 and O5. The IRID spectrum of a-PhGal is shown in Fig. 1b, c , and d where it can be compared with the corresponding spectrum of a-PhGlc. The axial orientation of OH4 alters the conformational landscape and, unlike a-PhGlc where only the minimum energy conformer (ccGÀg+) was populated, three low lying conformers could be identified, ccG+gÀ, ccTg+ and cGÀg+; their relative energies were predicted to be 0.00, 2.09 and 3.07 kJ mol À1 , respectively. The IRID spectrum of its singly hydrated complex, a-PhGalÁD 2 O, shown in Fig. 4(a) , is very similar to the calculated IR spectrum of its lowest energy structure, cGÀg+Áins (6, 5) , shown in Fig. 7 . The spectra associated with higher energy structures are presented as Electronic Supplementary Information.w As anticipated earlier, the hydrogen bond linking the (axial) OH4 group to O6 blocks insertion into the (4,6) site and in the a complex the water molecule opts for the most favoured alternative provided by the cGÀg+ conformer. In the a complex, the R2PI spectrum reflects the population of an additional conformer, ccG+gÀÁins (6, 5) , 20 but the more intense component is associated with the cGÀg+Áins(6,5) structure. Its IRID spectrum is shown in Fig. 4(b) where it can be compared with the calculated spectra associated with the two alternatives; as expected, the cGÀg+Áins(6,5) structure provides much better agreement. However, although the a and b complexes are similar, neither their detailed structures nor their IRID spectra are identical. + ion channels their relative intensities were barely above the noise level and, unfortunately, they were too low to allow their IRID spectra to be recorded. With the (4,6) site blocked and the (6,5) site filled, binding of another water molecule appears to be less favoured than in a/b-PhGlc, and also a/b-PhMan, where both sites are accessible.
An earlier study of a-PhFucÁH 2 O identified two structures, 32 one much more strongly populated than the other, but both based upon the preferred 'cc' conformation of the bare molecule. The IRID spectrum of the more strongly populated (heavy water) complex is shown in Fig. 5 ; it is in good agreement with the calculated spectrum associated with its minimum energy structure, ccÁins(3,2), confirming the earlier assignment. Fig. 5 also shows the IRID spectrum of a-PhFucÁ (D 2 O) 2 . It too, is in good accord with the spectrum associated with its calculated minimum energy structure which incorporates a water dimer, again inserted into the (3,2) site, the weakest link in the original counter-clockwise OH4 -OH3 -OH2 -O1 chain. While OH4 and OH3 are still oriented in a counter-clockwise 'cc' sense, the OH2 group is rotated to optimise its hydrogen bonded interaction with the second water molecule; this breaks the bond between OH2 and O1 and the 'cc' designation no longer applies.
Like a-PhFuc, a previous R2PI/IRID investigation of aPhXylÁH 2 O identified the population of two distinct isomers; 33 Fig . 6 shows the corresponding IRID spectrum of the stronger isomer of the D 2 O complex. The calculated vibrational spectra associated with the two lowest energy structures, ccÁins (3, 2) and ccÁins (4, 3) , are both very similar to the experimental spectrum. Although the minimum energy structure, ccÁ ins(3,2), might provide a slightly better fit-note the more widely spaced doublet at high wavenumber, assigned to the s2/s4 vibrational modes-it is not possible to make a firm choice between the two. The b complexes follow a similar pattern though they differ in their choice of insertion site. The two lowest energy structures, separated by 0.56 kJ mol À1 , are both associated with insertion at the (2,1) site and differ only in the relative orientations of the bound D 2 O molecule. Their vibrational spectra are almost indistinguishable and the IRID spectra of the major and minor isomers of b-PhXylÁD 2 O, are in best correspondence with those associated with the ccÁ ins(2,1) and ccÁins(3,2) structures, as shown in Fig. 6(b) . Like the two a-complexes, the isomers are distinguished through the differing separations of the doublet at high wavenumber. Note, these preferred assignments differ a little from the earlier ones 33 based on the H 2 O data, where both were identified with the ccÁins(2,1) structures.
The experimental (a only) and calculated a and b IRID spectra of the principal doubly hydrated complexes of the two anomers, a/b-PhXylÁ(D 2 O) 2 , both indicate insertion of a water dimer, once again at the (3,2) (a) or the (2,1) site (b), see Fig. 6c and d. (Unfortunately, the R2PI signal for the b complex was too weak to allow its IRID spectrum to be recorded at useful S/N levels).
Anomeric differences, co-operative hydrogen bonding, conformational changes and regioselectivity
The preferred, experimentally-based structures of the singly hydrated anomers of PhGlc, PhGal and also PhMan, shown in Fig. 7 , update an earlier comparison 23 where the data for a-Glc/Gal were restricted to the calculated structures of the methyl derivatives, a-MeGlc/Gal. Strikingly, in all six structures the carbohydrate hosts adopt the cGÀg+ conformation. The only carbohydrate to adopt this preferred conformation in the absence of hydration is a-PhMan, 20 where it is favoured by the axial orientation of the OH2 group (which prevents OH2 -O1 bonding). The conformer is only weakly populated in a-PhGal, and in all the other cases population of the cGÀg+ conformers is prevented by their high relative energies. The situation is changed by hydration since relaxation into the cGÀg+ conformation enables the bound water molecule (W) to access the favoured (4,6) site, or alternatively in a/b-PhGal, the (6, 5) site. This contributes to, and extends, the stabilizing chain of cooperative hydrogen bonds, either Fig. 8 compares the doubly hydrated structures of a-and bPhGlc, and also a-and b-MeGlc, with those of a-and b-PhMan, published earlier. 26 The carbohydrate unit in b-PhGlcÁ(D 2 O) 2 again adopts the cGÀg+ conformation, to enable insertion of two separate water molecules on each side of the hydroxymethyl group. In this respect it resembles a-and b-PhManÁ(D 2 O) 2 but their hydrate structures are not the same. The second water molecule in both a-and b-PhManÁ (D 2 O) 2 inserts between OH6 and the axial OH2 group to create two near identical structures, allowing its interaction with the two carbohydrate anomers to be finely modulated by the differing lone pair electron repulsion between the neighbouring O(W) and O5(Man) atoms. 26 In contrast, in a-PhGlcÁ (D 2 O) 2 , where OH2 is equatorial, the second water molecule binds to O5 and more weakly, to O1. In a-PhGlcÁ(D 2 O) 2 , any structural comparisons which might have been based upon stereoelectronic effects alone, are compromised by the interaction with the phenyl ring, which alters both the hydrate structure and the carbohydrate conformation. The necessary conditions are only provided by a/b-PhManÁ(D 2 O) 2 .
In fucose (an analogue of galactose) and xylose (an analogue of glucose) the directing influence of the hydroxymethyl group is removed. The choice of preferred hydration sites is now governed solely by the gain in cooperative hydrogen bonding achieved by selection of the weakest links in the original hydrogen bond chains. 20, 21, 23, 25 The new data for the heavy water hydrated carbohydrate complexes confirm this 'working rule' in the mono-hydrates and reveal its continued operation when a second water molecule is introduced. In every case the two molecules insert as a dimer rather than separately, occupying the same preferred sites, (3,2) in fucose and (2,1) in xylose, as before.
Although the anomeric effect favours population of the a anomer in the isolated monosaccharides, in solution the relative populations of the a and b anomers can change and in aqueous solutions of glucose, galactose and xylose, the a : b ratio changes from B 2 : 1 to B1 : 2. On the other hand, in mannose the a anomer is still favoured and the ratio remains In hydrated mannose however, the corresponding hydrogen bond is directed towards the axial OH2 group, in both the b and the a anomers: there is no interaction with O1 and the stereoelectronic influence is not submerged. A continued bias favouring these explicit local interactions in aqueous solution could provide a rationale for the a : b population ratios determined in aqueous solution.
Conclusions
The advantage of substituting D 2 O for H 2 O in studying the influence of hydration on the conformational structures of isolated carbohydrates in the gas phase is now fully established. It allows the carbohydrate (OH) and hydrate (OD) vibrational signatures to be completely separated. There is no indication of isotope exchange in the gas phase and the new spectroscopic and computational results have exposed subtle aspects of the intermolecular interactions which govern the preferred structures of the hydrates. These include competing controls exerted by co-operative hydrogen bonding, bi-furcated and OH-p hydrogen bonding, stereoelectronic changes associated with the anomeric effect, and dispersion interactions. The new data reassert the operation of the general 'working rules' that govern regioselectivity in both singly and doubly hydrated aldo-hexose and pentose carbohydrates. The specificity of the hydrogen bonded interactions also offers a possible rationale for the differing a : b population ratios found in aqueous solution. 
